. Lagging-strand replication is proposed to introSummary duce an imprint at mat1 and the cell that inherits the imprinted chromosome becomes switchable. The imThe developmental program of cell-type switching of print is either a strand-specific nick (Arcangioli, 1998) S. pombe requires a strand-specific imprinting event or a site-and strand-specific alkali-labile modification at the mating-type locus (mat1). Imprinting occurs only of the DNA, hypothesized to be an RNA residue(s) rewhen mat1 is replicated in a specific direction and maining after priming of lagging-strand synthesis (Dalrequires several trans-acting factors. This work shows gaard and Klar, 1999) or another type of DNA modifica-(1) that the factors swi1p and swi3p act by pausing tion. During standard DNA purification, the imprint is the replication fork at the imprinting site; and (2) that converted into a double-stranded break (DSB) that can swi1p and swi3p are involved in termination at the be used to quantify the amount of imprinting at mat1 (Beach, 1983; Beach and Klar, 1984; Arcangioli, 1998; mat1-proximal polar-terminator of replication (RTS1). (Figure 1b, bold letters) .
demonstrated that the two functions of swi1p are separable. Computer searches with the swi1 sequence identified swi1p as a homolog with the Saccharomyces cerevisiae topoisomerase I interacting factor (tof1p; Park and This paper addresses the cause of sensitivity of imSternglanz, 1999). Genetic crosses and drug-sensitivity printing to the direction of replication and defines the experiments demonstrated a genetic interaction bemolecular function of swi1 and swi3 gene products in tween top1 and both swi1 and swi3. imprinting. Data presented here show that swi1p and swi3p promote imprinting by pausing the replication Results forks at the imprinting site in a direction-dependent (polar) manner. Furthermore, swi1 and swi3 are also required for polar termination of replication at the RTS1 Replication Pausing at mat1 Is Dependent on swi1p and swi3p Functions site. A genetic screen for factors necessary for termination of replication identified a swi1 allele that was defecEven though the imprint site is present in Msmt0 strains, mat1 imprinting is absent due to a deletion of an adjative for replication termination but allowed pausing/ imprinting and switching. , while the swi7-1 mutation had no effect ( Figure  2a ). These data supported the notion that the pause at MPS1 was related to the imprinting process and that is described here. Detection of the DSB at mat1 showed Thus, when mat1 is replicated in the opposite direction, that the rtf3-1 mutation restored the imprint at mat1 (Figure 3b) . However, when the rtf3 allele was combined pausing at MPS1 is absent or much reduced. The swi1-rtf3 mutant was proficient in imprinting; therefore if, as proposed earlier, pausing was essential for was comparable to that observed in the RTS1-deleted strain (J. Z. D. and A. J. S. K., unpublished observation), switching, it would be expected that pausing at MPS1 should not be affected by this mutation. This expectation also suggestive of a loss of RTS1 function.
Genetic crosses with candidate genes identified the was confirmed. Analysis of the mat1-containing NdeI fragment from strain JZ277 showed that MPS1 pausing rtf3-1 mutation as a swi1 allele. A cross between strain JZ236 and strain JZ423 containing the swi1::ura4 delewas unaffected ( Figure 5, right panel) . To verify that the swi1-rtf3 mutation indeed affected termination at the tion (Table 1; Schmidt, 1987) produced no recombinants between rtf3 and the swi1 in 27 tetrads analyzed. Furthermore, the rtf3 allele was fully complemented by a swi1 encoding plasmid (pHE6; Schmidt, 1987) . The identification of a swi1 mutation causing increased imprinting and switching was surprising, given that all previously identified swi1 mutations reduced imprinting and switching (Gutz and Schmidt, 1985) . Moreover, this discovery suggested that swi1 was involved in termination of replication at RTS1 as well as in pausing and imprinting at MPS1.
Termination of Replication at RTS1 Is Dependent on swi1 and swi3
We determined whether the known alleles of swi1 and swi3, that abolish pausing at MPS1, also affect termination of replication at RTS1. The NsiI mat1-fragment from swi1-111 and swi3-146 strains was therefore analyzed by 2D gel analysis (Figure 4) . The RTS1 element was located in one end of this fragment. Consequently, RTS1 can be observed in wild-type strains as a replication ing-type switching. We also combined the ⌬top1 allele with the transposed RTS1 allele (strain JZ458). If RTS1 function in imprinting and sporulation had been affected indigenous RTS1 element, the proximal RTS1-conbecause of top1p deficiency, an increase in imprinting taining NsiI fragment was analyzed. The RTS1 signal in and sporulation would be expected. However, no inthe control (Figure 4 ; panel Msmt0) was significantly crease was observed, showing that top1p was not inreduced to two more subtle barriers ( Figure 5, left panel) ; volved in termination of replication. therefore, the swi1-rtf3 mutation demonstrated separaHowever, a swi1-111, ⌬top1 double mutant revealed tion of the swi1p pausing and imprinting functions from a decreased growth rate, suggesting a swi1 and top1 those involved in termination of replication. This finding interaction. Determination of the growth rates in liquid suggests that swi1p is involved in at least two indepenmedia showed that the double mutant (JZ240) had a dent pathways (see Discussion). swi3p and swi1p might interact genetically with top1p. swi1-rtf3, 2785G→A. This showed that the swi1-159 alTo examine this possibility further, the sensitivity of lele contains an opal, and swi1-148 allele an amber, the yeast strains to camptothecin was tested. Camptononsense mutation, while the swi1-111 allele carried thecin is an inhibitor of top1p that inhibits the second a mutation in the acceptor sequence in the only putastep of the topoisomerase reaction, leaving top1p covative intron present in the gene (accession number lently attached to the nicked DNA (Morham and Shuman, CAB44362). This corresponds with the observation that 1992). A drug-diffusion assay showed that the growth swi1-159 is fully, while the swi1-148 is partially, supinhibition of camptothecin was much greater in the swi1-pressed by an opal suppressor sup9-169 (Schmidt et 111 (strain E111) than in wild-type strains (SP976) (Figure  al., 1987) . Interestingly, all three mutations located in 6). The same phenotype (data not shown) was observed the first third of the protein cause severe truncations of for two other swi1-148 (E148) and swi1-159 (E159) althe encoded protein. In contrast, the swi1-rtf3 allele leles. Hypersensitivity was also observed in swi3-146 contains a missense mutation changing amino acid 662 (E146) and swi3-157 (E157) mutants but not in a swi7-1 in the C-terminal region of the protein from a negatively (SP855) mutant. The hypersensitivity was not due to charged glutamic acid to a positively charged lysine swi1p/swi3p involvement in termination of replication at residue.
RTS1 nor to imprinting and switching at mat1, as strains remained hypersensitive when swi1-111 was combined with ⌬RTS1, Msmt0, or ⌬mat2,3 alleles. To test whether Genetic Interactions between swi1, swi3, and top1 Computer searches with the swi1 sequence suggested the hypersensitivity to camptothecin was dependent on top1p activity, double mutants (JZ450 swi1-111, ⌬top1 that it is a homolog of the S. cerevisiae tof1 gene (data not shown). tof1p was identified in a two-hybrid screen and JZ456 swi3-146, ⌬top1) were found to be insensitive to the drug, showing that the hypersensitivity observed as interacting with top1p (topoisomerase I; Park and Sternglanz, 1999). To examine if top1p was essential for in swi1 and swi3 mutants is dependent on top1p activity (Figure 6 ). imprinting or for mating-type switching, a top1 deletion The swi1-rtf3 allele was used to determine if the swi1 proposed to involve the mat1 distal cis-acting sequences and sap1p that binds to them. The proposed mutant hypersensitivity to camptothecin could be caused function of swi1p in imprinting might explain the speckby a defect only in termination activity. Interestingly, the led phenotype of the swi1-deletion strain (Schmidt, swi1-rtf3 mutant showed a reduced sensitivity that was 1987). Perhaps the swi1p (and swi3p) increase efficiency close to that of wild-type strains (Figure 6 ). This result by pausing the replication fork at the specific position. suggested that hypersensitivity might be caused by Data presented in this paper also show that swi1p swi1p/swi3p pausing defect and/or by other functions and swi3p promote polar replication fork pausing at of swi1p/swi3p but not due to replication termination MPS1 both by interactions with that site and by predefect. One possibility we favor is that in the absence of venting replication forks with the wrong polarity from swi1p/swi3p-dependent pausing an increased amount of passing through MPS1 by blocking them at RTS1. One substrate may accumulate for top1p to resolve (see Dispossibility being tested is that swi1p/swi3p first catalyze cussion).
pausing at RTS1, and subsequently other factors are These data presented above strongly suggest that recruited to dislodge the paused replication complex. both swi1p and sw3p interact with topoisomerase I and Such a mechanism would differ from that operating at that this interaction is unrelated to the developmental the ter-elements in bacterial genomes where only one program of S. pombe. In this context, we note that some protein is required for termination (reviewed by Bussiere evidence exists linking swi1p/swi3p function to DNA and Bastia, 1999; Duggin et al., 1999 ). In such a scenario, replication. Both swi1, pol␣-swi7 and swi3, pol␣-swi7 the swi1-rtf3 mutation could be disrupting the recruitdouble mutants are inviable. Furthermore, like the campment of these additional factors. In some support of this tothecin sensitivity, this synthetic lethality is indepenmodel, the genetic screen that identified the swi1-rtf3 dent of whether the strains are able to switch (Schmidt allele also identified other genetic complementation et al., 1987), implying that the lethality is not related groups that potentially could be the factors interacting to mating-type switching. Our results supported and with swi1p at RTS1. extended this observation, suggesting that swi1p/swi3p
Finally, we show that swi1/swi3 have an additional might be involved in general DNA replication and that function that involves top1. This function is unrelated to the top1p interaction could play an important role there.
pausing, imprinting, and termination of replication in the mat1 region, but could involve swi1-and swi3-pause Discussion activity at other positions in the genome. swi1p/swi3p could act during general replication by providing pausThis paper provides evidence for a unique molecular ing sites allowing time for the unwinding of supercoils mechanism of imprinting exquisitely depending on the formed in front of the replication fork. In this context, a replication process. Specifically, the swi1p and swi3p top1-swi1p/swi3p interaction could play an important proteins, necessary for imprinting, were shown to pause role in recruitment of top1p to the replication fork to the replication fork at the site of imprinting. More imporfurther assist unwinding of supercoils. If this model is tantly, this pause signal is only recognized by replication correct, one would imagine that in the absence of swi1p/ forks moving in one of the directions. As such, S. pombe swi3p local supercoiling could increase. This would rehas evolved a mechanism to utilize the asymmetry of sult in an increase in top1p substrate concentration and DNA replication and a polar replication-pause site to could explain the observed hypersensitivity to camptoestablish an asymmetrical pattern of cell differentiation.
thecin. Interestingly, several other proteins in the database This discovery raises the possibility that other biological showed significant sequence similarity to swi1. These systems might utilize the asymmetry of DNA replication include a multidrug resistance protein of Aspergillus nito establish asymmetric differentiation. In addition, the dulans (accession # AAD41625) and the tim1 gene family data presented here add further support to the direction involved in clock formation (reviewed by Lakin-Thomas, of a replication model that explains the asymmetrical 2000). In D. melanogaster tim1p interacts with per1p mating-type switching pattern of S. pombe (Dalgaard and both proteins exhibit a circadian expression pattern. and Klar, 1999) . A central axiom of this model is that However, in mammals and Caenorhabditis elegans only imprinting involves the lagging-strand replication comper1p expression cycles (Jeon et al., 1999) . It is tempting plex. Earlier results have supported this model by showto suggest that mammalian tim1p could have functions ing that imprinting at mat1 is sensitive to changes in similar to swi1. Interestingly, the swi1-rtf3 mutation that the direction of replication at mat1, and that cis-acting affects termination is in a conserved region suggesting elements ensure a specific direction of replication (sumthat DNA termination could be a conserved function marized in Figure 1a ; Dalgaard and Klar, 1999) . among this family of proteins. On the basis of the data presented here, it is possible to propose a pathway for imprinting at mat1. The path-
Experimental Procedures
way consists of three steps: (1) The first step in the imprinting pathway is likely to be swi1p-and swi3p- 
